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Purpose. To assess the functional characteristics of human organic
anion transporter B (OATP-B) in comparison with those of the
known, liver-specific OATP-C.

Methods. OATP-B or -C was expressed in HEK293 cells or Xenopus
oocytes, and uptakes of estradiol-17B-glucuronide and estrone-3-
sulfate were measured using radiolabeled compounds.

Results. OATP-C transported both estrone-3-sulfate and estradiol-
17B-glucuronide, whereas OATP-B transported only the former.
OATP-C-mediated uptake of estrone-3-sulfate exhibited biphasic
saturation kinetics, whereas transports of estradiol-178-glucuronide
by OATP-C and estrone-3-sulafte by OATP-B followed single-
saturation kinetics. Inhibition kinetics showed that only the high-
affinity site for estrone-3-sulfate on OATP-C was shared with gluc-
uronide conjugates. Uptake of [°H]estrone-3-sulfate by OATP-B was
inhibited by sulfate conjugates but not by glucuronide conjugates,
whereas its uptake by OATP-C was inhibited by both types of con-
jugates.

Conclusions. OATP-B accepted sulfate conjugates of steroids but not
glucuronide conjugates, whereas OATP-C transported both types of
steroid conjugates. Transport of estrone-3-sulfate by OATP-B and -C
followed single- and biphasic-saturation kinetics, respectively, and
the high-affinity site on OATP-C was the same as that for estradiol-
17B-glucuronide. Other OATPs, OATP-A and OATP-8, reportedly
exhibit different preferences for steroid conjugates, and the specific
recognition of sulfate conjugates seems to be unique to OATP-B.

KEY WORDS: organic anion; transporter; OATP; estrogen conju-
gates; liver.

INTRODUCTION

Numerous endogenous and xenobiotic organic anions
are distributed to various tissues in the body and are elimi-
nated mainly via the liver and kidney. Membrane transporters
are involved in their efficient transfer between intra- and ex-
tracellular spaces. Various multispecific organic anion trans-
porters, i.e., multidrug resistance-associated proteins (MRPs),
organic anion transporters (OATSs), organic anion transport-
ing polypeptides (OATPs), and type I-inorganic phosphate

! Faculty of Pharmaceutical Sciences, Kanazawa University, Ka-
nazawa 920-0934, Japan.

2 CREST, Japan Science and Technology Corporation, Kawaguchi
332-0012, Japan.

3 Chugai Research Institute for Molecular Medicine Inc., Ibaraki 300-
4101, Japan.

4To whom correspondence should be addressed. (e-mail: tsuji@
kenroku.kanazawa-u.ac.jp)

0724-8741/01/0900-1262$19.50/0 © 2001 Plenum Publishing Corporation

Research Paper

transporter (NPT1), have been shown to be involved in these
processes, playing physiologic roles as evidenced by their dif-
ferential tissue distributions and subcellular localizations (1-
4). Among them, rat oatp was molecularly identified as the
first sodium-independent hepatic transporter (5). It is ex-
pressed in basolateral membranes of liver and is presumed to
take part in the hepatic elimination of various anionic com-
pounds (6). Homologous transporters have been cloned from
mouse, rat, and humans, and their physiologic roles have been
identified partially based on the functional and tissue distri-
bution characteristics. In human, the OATP family is assigned
the gene symbol SLC21A and includes prostaglandin trans-
porter (PGT) (7), liver-specific transporter (LST) (8), and
other OATP members (9-12). Among them, OATP-A
(SLC21A3) and OATP-C (LST-1, OATP2, SLC21A6) are
predominantly expressed in brain and liver, respectively, and
are expected to have physiologic roles in brain distribution
and/or efflux and hepatic elimination of anionic compounds,
respectively (8-10). Although tissue expression profiles of
seven members of human OATPs have been reported, the
functional differences among these transporters are not
clearly understood (7-9,11,12). Various organic anions could
be transported by human OATPs and among them, conju-
gated metabolites of steroids such as estrone-3-sulfate and/or
estradiol-17B-glucuronide are likely common substrates of
human OATPs.

We showed that OATP-B (SLC21AY9), -D (SLC21A11),
and -E (SLC21A12) as well as OATP-C have differential
characteristics regarding transport function and tissue distri-
bution, but no precise studies have been done (12). Hepatic
basolateral membrane-specific OATP-C has a broad sub-
strate specificity, transporting conjugated metabolites of ste-
roids, bile acids, prostaglandin, leukotriene, thyroid hor-
mones, pravastatin, bilirubin and its conjugated metabolite,
and benzylpenicillin, whereas OATP-B has shown negligible
transport of estradiol-173-glucuronide in comparison with es-
trone-3-sulfate, suggesting a distinct substrate specificity from
that of OATP-C (8,10-13). In addition, because the tissue
distribution of OATP-B is much broader than that of liver-
specific OATP-C (12), OATP-B, and OATP-C are expected
to have distinct functional roles.

Because so many OATP family members are present in
humans, it is essential to characterize their differences in func-
tional properties. For the better understanding of the role of
each molecule, identifying the counterparts in animals is use-
ful. However, in rats, for example, oatp-1 (5), -2 (14), and -3
(15), 1st1 (oatp4) (16), and moatl (17) are known, and addi-
tional transporters may exist. So, without precise functional
analysis, it will be difficult to identify corresponding trans-
porters in humans and animals. Accordingly, in the present
study, the functional characterization of OATP-B was carried
out in comparison with the better-understood OATP-C.

MATERIALS AND METHODS

Materials

[*H]Estrone-3-sulfate, ammonium salt (1961 GBgq/
mmol), and [*H]estradiol-178-p-glucuronide (2035 GBgq/
mmol) were purchased from NEN Life Science Products, Inc.
(Boston, MA). pcDNA3 Vector was obtained from Invitro-
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gen (Carlsbad, CA). All other reagents for functional studies
were purchased from Sigma Chemicals (St. Louis, MO) and
Wako Pure Chemical Industries (Osaka, Japan).

Transport Experiments

For the transport experiments using HEK293 cells, the
constructs pcDNA3/OATP-B and -C were used to transfect
HEK?293 according to the calcium phosphate precipitation
method. HEK293 cells were routinely grown in Dulbecco’s
modified Eagle’s medium containing 10% fetal calf serum,
penicillin, and streptomycin in a humidified incubator at 37°C
and 5% CO.,. After 24 h cultivation of HEK?293 cells in 15-cm
dishes, pcDNA/OATP or pcDNA vector alone was trans-
fected by adding 20 pg of the plasmid DNA per dish. At 48 h
after transfection, the cells were harvested and suspended in
transport medium containing 125 mM NaCl, 4.8 mM KCl, 5.6
mM D-glucose, 1.2 mM CaCl,, 1.2 mM KH,PO,, 1.2 mM
MgSO,, and 25 mM HEPES, adjusted to pH 7.4. The cell
suspension and a solution containing a radiolabeled com-
pound in the transport medium were separately incubated at
37°C for 20 min, then transport was initiated by mixing them.
At appropriate times, 200-puL aliquots of the mixture were
withdrawn and the cells were separated from the transport
medium by centrifugal filtration through a layer of a mixture
of silicone oil (SH550, Toray Dow Corning Co., Tokyo) and
liquid paraffin (Wako Pure Chemical Industries) with a den-
sity of 1.03. Each cell pellet was solubilized in 3 N KOH and
neutralized with HCL. Then, the associated radioactivity was
measured by means of a liquid scintillation counter using clea-
sol-1 as a liquid scintillation fluid (Nacalai tesque, Kyoto,
Japan). HEK293 cells transfected with pcDNA3 vector alone
were used to obtain the background activity (termed mock).

Transport experiments by Xenopus laevis oocytes that
were microinjected with in vitro synthesized complementary
RNA (cRNA) of OATP-C using T7 RNA polymerase were
performed by the method described previously (18). Briefly,
defoliculated oocytes were injected with 50 nL of water con-
taining 5 ng of cRNA, cultured for 2 days in modified Barth’s
solution (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO,, 0.82
mM MgSO,, 0.33 mM Ca(NO;),, 0.41 mM CaCl,, and 10 mM
HEPES adjusted to pH 7.4 with NaOH) and used for uptake
experiments. Uptake of radiolabeled test compound was
measured over 60 min at 25°C in the uptake medium (96 mM
NaCl, 2 mM K(l, 1.8 mM CaCl,, 1 mM MgCl,, and 10 mM
HEPES adjusted to pH 7.4 with NaOH), and the oocytes
were solubilized in 5% SDS solution and the associated ra-
dioactivity was measured by liquid scintillation counter. As
the control, the same volume of water was injected into oo-
cytes and the uptake was measured in the same manner.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Expression of OATP-B and OATP-C in HEK293 cells
transfected with cDNA of each transporter was confirmed by
RT-PCR method. The specific primer pairs for OATP-B and
OATP-C were 5'-CGTGCGGCCAAGTGTGTTCCATAA-
3’ for forward and 5'-GAAGGAGTAGCCCCATAGC-
CAATC-3' for reverse and 5'-TGTCATTGTCCTTTT-AC-
CTATTAT-3' for forward and 5'-TGTAAGTTATTCCAT-
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TGTTTCCAC-3' for reverse, respectively. The PCR reaction
was preformed using SuperScript ONE-STEP™ RT-PCR
System (GIBCO BRL, Rockville, MD) as follows: For
OATP-B, the reaction was performed with 34 cycles of 94°C
for 30 s, 55°C for 30 s, 72°C for 2 min, and final elongation of
72°C for 10 min. For OATP-C, it was 34 cycles of 94°C/30 s,
50°C/30 s, 72°C/2 min, and a final elongation of 72°C/10 min.

Analytical Methods

Cellular protein content was determined according to the
method of Bradford by using a BioRad (Hercules, CA) pro-
tein assay kit with bovine serum albumin as the standard (19).
Usually, initial uptake rates were obtained by measuring the
uptake at 30 min. To estimate kinetic parameters for satu-
rable transport, the uptake rate (v) was fitted to the following
equations by means of nonlinear least-squares regression
analysis using WinNonlin (Scientific Consulting Inc., Cary,
NO).

In the case of a single saturable component,

v = V. *S/(K, +5)
and for a system consisting of two saturable components,
V:Vmaxl*S/(Kml + S) + VmaxZ*S/(KmZ + S)

where v and s are the uptake rate and concentration of sub-
strate, respectively, and K, and V. represent the half-
saturation concentration (Michaelis constant) and the maxi-
mum transport rate, respectively. The uptake activity of
OATP-B or -C by HEK293 cells was evaluated after subtract-
ing the uptake by mock-transfected cells from total uptake by
the OATP-B or -C-expressing cells. In the study using Xeno-
pus oocytes, uptake of test compound by OATP-C was evalu-
ated after subtracting the uptake by water-injected oocytes
from the uptake by OATP-C cRNA-injected oocytes. All
data were expressed as means = SEM, and statistical analysis
was performed by using Student’s ¢ test. Cell-to-medium ratio
was obtained by dividing the uptake amount by the concen-
tration of test compound in the uptake medium. The criterion
of significance was taken to be P <0.05.

RESULTS

Kinetic Analysis of Transport of Estrone-3-Sulfate and
Estradiol-173-Glucuronide by OATP-B and -C in
HEK293 Cells

To evaluate functional differences between OATP-B and
-C, uptakes of [?H]estrone-3-sulfate and [*H]estradiol-17p-
glucironide were measured. First of all, the expression of both
the OATP-B and -C in HEK293 cells by transient transfection
using the calcium phosphate precipitation method was con-
firmed by RT-PCR. As clearly shown in Fig. 1, each corre-
sponding PCR-product for OATP-B and -C was detected
only when the RNA extracted from the HEK293 cells trans-
fected either cDNA of OATP-B or -C was used for RT tem-
plate. Uptakes of both compounds by HEK293 cells trans-
fected with either OATP-B or -C were compared with those
by vector-transfected (mock) cells as shown in Fig. 2. [°’H]Es-
trone-3-sulfate showed significantly increased uptake by both
of OATP-B and -C-transfected cells compared with that by
mock-transfected cells (Fig. 2a). However, although [*H]es-
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Fig. 1. Expression of OATP-B and OATP-C in transiently trans-
fected HEK293 cells. RT-PCR was performed using RNA obtained
from the cells transfected with OATP-B- or OATP-C-cDNA. The
reaction was performed as described in Materials and Methods. Spe-
cific bands corresponding to OATP-B and -C are shown by arrows
with sizes of 250 and 194 bps, respectively. RT(+) and RT(-) repre-
sent the PCR with and without previous RT reactions, respectively.

tradiol-17B-glucuronide was taken up by OATP-C, its uptake
by OATP-B was negligible (Fig. 2b). Based on these results,
uptake kinetics of estrone-3-sulfate by OATP-B and -C and
estradiol-17B-glucuronide by OATP-C were analyzed at 30
min, which exhibited significantly and reliably increased up-
take by transfecting cDNAs and before attained steady state,
by means of Eadie-Hofstee plots. Figure 3a—c shows the up-
takes of estrone-3-sulfate by OATP-B and -C and the uptake
of estradiol-17B-glucuronide by OATP-C, respectively. Up-
takes of estrone-3-sulfate by OATP-B and estradiol-173-
glucuronide by OATP-C gave linear plots, whereas uptake of
estrone-3-sulfate was apparently biphasic, suggesting the
presence of two kinetically distinct functional sites on OATP-
C. The obtained half-saturation concentration (K,,) and
maximum uptake rate (V,,.) of estrone-3-sulfate by
OATP-B were 9.04 + 3.17 uM and 531 + 92.7 pmol/mg pro-
tein/30 min, respectively. In the case of OATP-C, K, and
V ax for estradiol-173-glucuronide were 3.71 + 0.34 uM and
128 + 3.97 pmol/mg protein/30 min, respectively, and the val-
ues for the high- and low-affinity components of estrone-3-
sulfate uptake were 67.5 + 31.6 nM and 7.00 = 2.17 uM (K,,))
and 14.8 + 4.12 pmol/mg protein/30 min and 549 + 119 pmol/
mg protein/30 min (V,,,,), respectively.

Characteristics of Transport of Estrone-3-Sulfate by
OATP-C Expressed in Xenopus Oocytes

Because unusual biphasic kinetics in OATP-C-mediated
transport of estrone-3-sulfate was observed using HEK293
cells as shown in Fig. 3C, the characteristics was confirmed by
using different transporter expression system, Xenopus 0o-
cytes. Uptake of [*H]estrone-3-sulfate by oocytes expressed
with OATP-C was significantly higher than that by water-
injected oocytes (Fig. 4a). When concentration dependence of
the uptake of estrone-3-sulafate by OATP-C was evaluated,
Eadie-Hofstee plot analysis showed biphasic kinetics (Fig.
4b). The values for the high- and low-affinity components of
estrone-3-sulfate uptake were 94.0 = 53.0 nM and 5.34 + 5.70
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Fig. 2. Time courses for the uptakes of estrone-3-sulfate (a) and es-
tradiol-17-B-glucuronide (b) by OATP-B or OATP-C. Uptakes of (a)
[?H]estrone-3-sulfate (4.8 nM) and (b) [*H]estradiol-17B-glucuronide
(5.7 nM) were measured over 30 min using HEK293 cells transfected
with pcDNA vector alone (O), or vector containing OATP-B (@) or
OATP-C cDNA (A). The uptake was expressed as cell-to-medium
ratio, which was obtained by dividing the amount taken up in the cells
by the substrate concentration in the uptake medium. Each result is
the mean + SEM (n = 3 or 4). When error bars are not shown, they
are smaller than symbols.

uM (K,,) and 0.151 + 0.065 pmol/oocyte/30 min and 0.751 +
0.329 pmol/oocyte/30 min (V,,,,), respectively. These trans-
port characteristics are very similar with those of observed in
HEK?293 cells.

Mutual Inhibitory Effects on Uptakes of Estradiol-3-Sulfate
and Estradiol-173-Glucuronide by OATP-C

Because estrone-3-sulfate and estradiol-17B-glucuronide
had different numbers of functional sites on OATP-C, the
identity of the binding sites was examined by studying the
mutual inhibition kinetics in HEK293 cells. Figure 5, a and b
shows the Eadie-Hofstee plots of uptakes of estradiol-17B-
glucuronide and estrone-3-sulfate, respectively, in the pres-
ence or absence of an inhibitor. By the addition of 50 nM
estrone-3-sulfate, the apparent K, of estradiol-178-glu-
curonide was increased to 7.75 + 1.09 uM from 3.71 pM with-
out significant change in apparent V., (124 + 6.97 pmol/mg
protein/30 min from 128 pmol/mg protein/30 min). Based on
the competitive inhibition kinetics, the K; value of estrone-3-
sulfate for the uptake of estradiol-17B-glucuronide was 45.8
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Fig. 3. Eadie-Hofstee plots of uptakes of estrone-3-sulfate and estradiol-17p3-
glucuronide by OATP-B or OATP-C. Uptakes of estrone-3-sulfate by OATP-B (a) and
by OATP-C (b) and estradiol-17B-glucuronide by OATP-C (c) at various concentra-
tions were measured for 30 min. Specific uptake was evaluated by subtracting uptake by
mock cells from total uptake by OATP-B or -C-transfected cells. Lines represent the
calculated values using the kinetic parameters obtained by nonlinear least-squares
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analysis. Each point is mean value (n = 3 or 4).
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Fig. 4. Time course and Eadie-Hofstee plot of uptakes of estrone-3-
sulfate by Xenopus oocytes injected with cRNA of OATP-C. (a)
Uptake of [*H]estrone-3-sulfate (3.6 nM) was measured at 25°C. O
and @ represent the results in water- and OATP-C cDNA-injected
oocytes, respectively. (b) Uptake of estrone-3-sulfate at various con-
centrations from 10 nM to 10 nM was measured for 30 min at 25°C,
and the uptake is shown by Eadie-Hofstee plot after subtraction of
the uptake by water-injected oocytes. Solid line represents the calcu-
lated values using the kinetic parameters obtained by nonlinear least-
squares analysis. Each point is mean + SEM (n = 5 to 8 oocytes).

+ 15.2 nM. The addition of 8 uM estradiol-173-glucuronide
decreased uptake of estrone-3-sulfate at the high-affinity site
without significant change of low-affinity component (Fig.
3b). In this case, the intercept on the y-axis was decreased, so,
the inhibition kinetics was analyzed by assuming competitive
inhibition of estrone-3-sulfate uptake by estradiol-178-
glucuronide only at the high-affinity site. The apparent K,
and V.. of the high-affinity site in the presence of estradiol-
17B-glucuronide were 190 + 87.7 nM and 18.5 + 2.90 pmol/mg
protein/30 min, respectively, revealing a significant change
from the control in K, alone (Fig. 3b). The evaluated K; value
of estradiol-17B-glucuronide was 4.43 + 1.96 uM. The K, (45.8
nM) and K, (67.5 nM) of the high-affinity component for
estrone-3-sulfate were comparable. Similarly, K, (3.71 uM)
and K; (4.43 uM) of estradiol-17B-glucuronide were almost
identical. These results demonstrated that only the high-
affinity site of estrone-3-sulfate transport is shared with es-
tradiol-17B-glucuronide on OATP-C, and the low-affinity site
for estrone-3-sulfate on OATP-C hardly accepts estradiol-
17B-glucuronide as a substrate.

Substrate Specificity of OATP-B and -C

The difference of substrate specificity between OATP-B
and -C was studied by examining inhibitory effects on the
uptake of a common substrate, [°’H]estrone-3-sulfate, at a low
concentration 4 nM, to focus on the high-affinity component.
Figures 6 and 7 show the inhibitory effects on the uptake of
[?H]estrone-3-sulfate of various conjugated metabolites of es-
tradiol and estrone, respectively. Inhibitory effects of conju-
gated metabolites of estradiol on the uptakes of [*H]estrone-
3-sulfate by OATP-B and -C are shown in Fig. 6, a and b,
respectively. In the case of OATP-C, all of the inhibitors
examined, including unconjugated estradiol, estradiol-17B-
glucuronide, estradiol-3-sulfate, and estradiol-17B-
glucuronide-3-sulfate, significantly reduced the uptake of
[*H]estrone-3-sulfate, although the minimum effective con-
centrations ranged from 1 pM to 10 uM. By contrast, in the
case of OATP-B only a high concentration (100 pM) of un-
conjugated estradiol or estradiol-3-sulfate showed significant
reduction of the uptake of [?’H]estrone-3-sulfate, while gluc-
uronide conjugates were not inhibitory. When estrone and its
conjugated metabolites such as estrone-3-glucuronide and es-
trone-3-sulfate were used as inhibitors, OATP-C-mediated
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Fig. 5. Eadie-Hofstee plots of mutual inhibitory effects on uptakes of estradiol-173-

glucuronide (a) and estrone-3-sulfate (b)

by OATP-C. Uptake was measured for 30

min at 37°C in the presence (@) or absence of inhibitors (O). Inhibitor concentrations
of estrone-3-sulfate and estradiol-173-glucuronide were 50 nM (a) and 8 uM (b),
respectively. The solid lines were generated by the kinetic parameters obtained as

described in the text.

uptake of [*H]estrone-3-sulfate was inhibited by both of the
conjugated metabolites at 1 wM and by the unconjugated
compound at 100 wM, as shown in Fig. 7b. In the case of
OATP-B (Fig. 7a), estrone-3-glucuronide did not inhibit the
uptake of [*H]estrone-3-sulfate at 100 wM but apparently in-
creased it at 1 pwM. Sulfate conjugate of and unconjugate of
estrone showed significant inhibition at 10 and 100 pM, re-
spectively. Although the observed inhibitory potencies do not
necessarily identify the substrates of the inhibited transporter,
the results demonstrated a difference in the substrate selec-
tivity of the two transporters, OATP-B and -C. OATP-C-
mediated uptake of [*H]estrone-3-sulfate was reduced by
various steroid conjugates, and few of the compounds showed
any inhibitory effect on the uptake by OATP-B. The estrone
conjugated with sulfate at the 3-position showed a stronger
inhibitory effect than did the glucuronidated form, for both
OATP-B and -C. Although 100 pM estradiol-178-
glucuronide apparently showed stronger inhibitory effect on

OATP-C-mediated uptake of [*H]estrone-3-sulfate than that
by estradiol-3-sulafte (Fig. 6b), more specific inhibitory effect
observed at lower concentrations 1 and 10 pM showed that
B-glucuronidation at the 17-position of estradiol decreased
the inhibitory potencies for both OATP-B and -C, suggesting
that 17B-glucuronidation is unfavorable for recognition by the
transporters.

DISCUSSION

In the present study, the functional properties of
OATP-B were compared with those of OATP-C, an impor-
tant transporter in the hepatic uptake/elimination of various
organic anions and conjugated metabolites (8,10-13,20). Al-
though [*H]estrone-3-sulfate was transported by both
OATP-B and -C, another conjugated steroid, [*H]estradiol-
17B-glucuronide, was transported only by OATP-C. Accord-
ingly, OATP-B and -C have differential substrate specificities
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Fig. 6. The inhibitory effects of unconjugated or conjugated estradiol on the uptakes of [*H]estrone-3-sulfate by OATP-B (a) and
OATP-C (b). Uptake of [*H]estrone-3-sulfate (4 nM) was measured for 30 min and the results are shown as a percentage of control
uptake measured in the absence of inhibitor after correcting for the uptake by the vector-transfected (mock) cells. The concentrations
used for inhibition are indicated by the numbers in the figures. Each result is the mean and SEM (n = 3 or 4) and (*) indicates a

significant difference from the control (P <0.05).
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Fig. 7. The inhibitory effects of unconjugated or conjugated estrone on the uptakes of [*H]estrone-3-sulfate by OATP-B (a) and
OATP-C (b). Uptake of [*H]estrone-3-sulfate (4 nM) was measured for 30 min and the results are shown as a percentage of control
uptake measured in the absence of inhibitor after correcting for the uptake by vector-transfected (mock) cells. The concentrations
used for inhibition are indicated by the numbers in the figures. Each result is the mean and SEM (n = 3 or 4) and (*¥) indicates

a significant difference from the control (P <0.05).

and estrone-3-sulfate can be used as a model substrate, be-
cause it is commonly accepted as a substrate by both trans-
porters.

To characterize further the functional properties, the af-
finities of the two conjugated steroids to the OATP-B and -C
transporters were compared. Eadie—-Hofstee plots of uptakes
of estrone-3-sulfate by OATP-B and estradiol-173-
glucuronide by OATP-C each exhibited a single straight line
with K, values of 9.04 pM and 3.71 pM, respectively, in
HEK?293 cells. By contrast, OATP-C-mediated transport of
estrone-3-sulfate was biphasic with high-affinity, low-capacity
and low-affinity, high-capacity components having K, of 67.5
nM and 7.0 pM and V., of 14.8 and 549 pmol/mg protein/30
min, respectively, in HEK293 cells. Similarly, in Xenopus oo-
cytes OATP-C-mediated transport of estrone-3-sulfate was
biphasic with K values 94 nM and 5.34 pM. Because the
obtained K, values in HEK293 cells and Xenopus oocytes
were comparable, the observation of biphasic transport of
estrone-3-sulfate via OATP-C was confirmed to be specific
and to be independent of experimental methods. Cui et al.
examined estrone-3-sulfate transport by OATP-C using
the same expression system (20), and their K, (8.2 pM) is
close to that of the low-affinity component obtained in the
present studies (7.0 and 5.34 pM). The high-affinity compo-
nent observed in the present study may be easily saturated
and would be difficult to identify if the minimum concentra-
tion used for the kinetic study is not properly selected. In the
present study, the specific OATP-C-mediated uptake was
evaluated by subtracting the uptake by mock cells (trans-
fected with expression vector alone) or water-injected oocytes
from the total uptake, so the results should not be influenced
by the native activity of HEK293 cells or oocytes. It is gen-
erally atypical that a single transporter molecule has two dif-
ferent functional sites. Several mechanisms can be considered
to explain this observation; firstly, two sites may indepen-
dently exhibit transport activity; secondly, substrate-binding
to a low-affinity site may influence the functional high-affinity
site so that the apparent affinity is lowered in the presence of
higher concentrations of substrate; and thirdly, multiple con-

formations of the transporter protein may be formed when
heterologous protein is abundantly expressed after gene-
transfection, resulting in distinct states of the functional site
(e.g., having different-sized binding pocket). Similar multiple
affinity sites have been reported in the case of the drug-
metabolizing cytochrome P-450 enzymes (21,22). Although in
our case the precise mechanism of the apparent biphasic satu-
ration kinetics is not yet clear, OATP-B seems to have a
distinct substrate binding site from OATP-C, because
OATP-B exhibited a single functional site for estrone-3-
sulfate and negligible transport activity for estradiol-17f3-
glucuronide.

Mutual inhibition between estrone-3-sulfate and estra-
diol-17B-glucuronide for OATP-C-mediated transport could
be explained by competitive inhibition, whereas such a study
was impossible with OATP-B, because of the lack of the
transport activity for estradiol-173-glucuronide by OATP-B.
The inhibition constant K; of estrone-3-sulfate (45.8 nM) for
OATP-C-mediated transport of estradiol-17p-glucuronide
was comparable with the K, of estrone-3-sulfate at the high-
affinity site (67.5 nM). Similarly, K; of estradiol-17pB-
glucuronide (4.43 pM) for OATP-C-mediated transport of
estrone-3-sulfate was close to the K, (3.71 pM), supposing
that competition occurred only at the high-affinity site. Ac-
cordingly, the two steroid conjugates appear to share a com-
mon binding site on OATP-C, which corresponds to the high-
affinity site for estrone-3-sulfate. The K,,, value of estrone-3-
sulfate for OATP-B (9.04 pM) was close to the low-affinity
site of OATP-C. Because OATP-B cannot transport estra-
diol-17B-glucuronide and the low-affinity site for estrone-3-
sulfate transport on OATP-C was not subject to competition
from estradiol-17B-glucuronide, the functional site on
OATP-B might have a similar milieu to the low-affinity site
on OATP-C. Serum levels of estrone-3-sulfate fluctuate but
are in the range of 1 to 10 nM in female (23). Therefore, the
high-affinity component of OATP-C for estrone-3-sulfate
may be physiologically more relevant than the low-affinity
component.

Inhibition studies on the transport of [*H]estrone-3-
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sulfate by OATP-B and -C (Figs. 6 and 7) also demonstrated
distinct substrate specificities between the two transporters.
OATP-B-mediated transport of [*H]estrone-3-sulfate was in-
hibited by sulfate conjugates of both estradiol and estrone,
whereas glucuronidated steroids had little effect. In contrast,
all conjugated steroids examined reduced the uptake of
[*H]estrone-3-sulfate by OATP-C. A double conjugate, estra-
diol-17B-glucuronide-3-sulfate did not change the uptake of
[*H]estrone-3-sulfate by OATP-B, whereas it inhibited the
uptake by OATP-C. Furthermore, unconjugated forms of es-
tradiol and estrone reduced the transport activity of both
OATP-B and -C at high concentration, 10 or 100 pM. How-
ever, glucuronide conjugates failed to inhibit OATP-B even
at a concentration as high as 100 wM. These inhibition profiles
and the absence of transport activity of [*H]estradiol-17p-
glucuronide by OATP-B clearly show that glucuronidation is
unfavorable for transport by OATP-B. So, OATP-B and -C
have quite distinct affinities for glucuronide conjugates. The
strong inhibitory potencies of sulfate conjugates on [*H]es-
trone-3-sulfate uptake by both OATP-B and -C suggests that
anionic charge is essential but smaller molecular size may be
more favorable for binding to both OATP-B and -C. Inter-
estingly, lower concentration of estrone-3-glucuronide (1
uwM) apparently increased the uptake of [*H]estrone-3-sulfate
by OATP-B and the extent of the increase was disappeared at
higher concentrations of estrone-3-glucuronide (10 and 100
pM) (Fig. 7a). Although the reason for such increase is not
clear at present, similarly increased uptake of estradiol-178-
glucuronide via organic anion transporter MRP3 was ob-
served in the presence of sulfate conjugates of E3040 and
4-methylumbelliferone (24). Further studies such as bidirec-
tionality and driving forces for OATP transporters will be
essential to clarify the underlying mechanisms.

OATP-A transported both estradiol-173-glucuronide
and estrone-3-sulfate, like OATP-C, though the transport ac-
tivity for the glucuronide conjugate was relatively weak (25).
OATP-8 transported estradiol-17B-glucuronide, but showed
no detectable transport activity for estrone-3-sulfate (20).
Therefore, human OATPs might be classified in terms of
their affinities for different steroid conjugates. Similar differ-
ences of affinities for glucuronide and sulfate conjugates have
been found in other anion transporters. In the case of the
organic anion transporter OAT4, which is expressed in pla-
centa and kidney and transports organic anions, including
estrone-3-sulfate, similar inhibitory effects were observed
(26). Various sulfate conjugates reduced the OAT4-mediated
uptake of [*H]estrone-3-sulfate, but the corresponding
B-glucuronide conjugates did not. Differential effects of gluc-
uronidated and sulfated metabolites on transport of [*H]es-
tradiol-17B-glucuronide were also reported for MRP3, al-
though in this case glucuronide conjugates exhibited stronger
inhibitory effects than sulfate conjugates (24). After submis-
sion of the present study, Kullak—Ublick reported the func-
tional differences among four human OATPs, OATP-A,
OATP-B, OATP-C, and OATP-8 and found the same result
with the present study that OATP-B transports estrone-3-
sulfate but not estradiol-17B-glucuronide (27). Their results
also suggested that OATP-B has restricted substrate specific-
ity compared with OATP-C that shows broader substrate
specifity, although the difference of affinity between these
two transporters to the present steroid conjugates is not
clearly shown.

Tamai et al.

A preliminary study has shown that dehydroepiandros-
terone sulfate, a substrate of OATP-C, was also transported
by OATP-B (data not shown). In addition, the hydroxymeth-
ylglutaryl-coenzyme A reductase inhibitor pravastatin, which
is also a substrate of OATP-C (13) was weakly but signifi-
cantly taken up by HEK293 cells transfected with OATP-B
(data not shown). Similarly, the antibiotic benzylpenicillin
was also weakly transported by OATP-B (12). Accordingly,
OATP-B is presumed to accept sulfated steroids well and also
to transport other anionic drugs with relatively low activity.

Identification of the counterpart of OATP-B in animals
such as rats is important to characterize further the physi-
ological roles of OATP-B in vivo. The recently found rat
transporter moatl showed high amino acid sequence similar-
ity with OATP-B, transported prostaglandins and leukotriene
C, and is distributed in various tissues (17). However, dehy-
droepiandrosterone sulfate was not transported by moat1 and
this transporter is expressed in brain, whereas OATP-B is
negligibly expressed in brain (12) and showed transport ac-
tivity for dehydroepiandrosterone sulfate. Rat Istl and rat
oatpl and 2 have shown highly specific tissue distributions in
liver, kidney and/or brain and they transport both sulfated
and glucuronidated steroids (14-16,28). Tissue expression of
rat oatp3 is rather broad in kidney, retina, brain, lung and
small intestine (15,29), being similar to that of OATP-B (12).
However, the substrate specificities are not identical and the
structural homology between oatp3 and OATP-B proteins is
not high (about 30%). Accordingly, the rat oatp molecule
corresponding to human OATP-B is not clear. In addition,
the physiologic substrates/roles of OATP-B are not yet
clearly understood, and clarification of these points will fa-
cilitate the identification of the counterpart of OATP-B in
animals.

In conclusion, in the present study it was clearly demon-
strated that OATP-B preferentially transports sulfate conju-
gates of steroids, but cannot accept glucuronide conjugates as
substrates. The absence of affinity for glucuronide conjugates
distinguishes OATP-B from OATP-C, and may be unique
among known human OATPs. Furthermore, kinetic study of
OATP-C-mediated transport of estrone-3-sulfate revealed
that two functional sites were apparently involved, with high
and low affinities. Estradiol-17B-glucuronide and estrone-3-
sulfate shared only the high-affinity functional site. This is the
first demonstration of two apparent functional sites on a
single OATP transporter, and the K, of the high-affinity site
may be physiologically relevant. Such precise functional stud-
ies are needed to provide the required information to char-
acterize each OATP transporter in human and to identify the
counterpart transporters in animals.
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